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ABSTRACT
Observations of the four 2Π3/2, J = 3/2 ground state transitions of the hydroxyl radical
(OH) have emerged as an informative tracer of molecular gas in the Galactic ISM. We
discuss an OH spectral feature known as the ‘flip’, in which the satellite lines at 1612
and 1720 MHz flip – one from emission to absorption and the other the reverse – across
a closely blended double feature. We highlight 30 examples of the flip from the litera-
ture, 27 of which exhibit the same orientation with respect to velocity: the 1720 MHz
line is seen in emission at more negative velocities. These same examples are also
observed toward bright background continuum, many (perhaps all) show stimulated
emission, and 23 of these are coincident in on-sky position and velocity with Hii ra-
dio recombination lines. To explain these remarkable correlations we propose that the
1720 MHz stimulated emission originates in heated and compressed post-shock gas
expanding away from a central Hii region, which collides with cooler and more dif-
fuse gas hosting the 1612 MHz stimulated emission. The foreground gas dominates the
spectrum due to the bright central continuum, hence the expanding post-shock gas is
blue-shifted relative to the stationary pre-shock gas. We employ non-LTE excitation
modelling to examine this scenario, and find that indeed FIR emission from warm
dust adjacent to the Hii region radiatively pumps the 1612 MHz line in the diffuse,
cool gas ahead of the expanding shock front, while collisional pumping in the warm,
dense shocked gas inverts the 1720 MHz line.
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1 INTRODUCTION
The hydroxyl radical, OH, is a sensitive tracer of the physi-
cal characteristics and dynamics of the molecular interstellar
medium (ISM). OH was the first molecule discovered in the
ISM (Weinreb et al. 1963) and though its ground rotational
state hyperfine transitions are weak, many early works used
it to study the distribution and properties of Galactic molec-
ular gas (Barrett 1964; Robinson & McGee 1967; Rogers &
Barrett 1967; Goss 1968; Heiles 1968, 1969; Turner 1979).
However, once the technology was developed to observe the
much brighter rotational transitions of carbon monoxide –
particularly the CO (J = 1→ 0) transition (e.g. Wilson et al.
1970; Solomon et al. 1972) – the focus of OH observations
moved away from its ability to trace the molecular ISM as
a whole, and more towards its ability to trace specific exci-
tation conditions (Elitzur 1976; Elitzur et al. 1976; Guibert
et al. 1978; Elitzur 1978), such as those responsible for mas-
ing in each of the four ground-rotational state transitions.
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Though CO remains a very effective tracer of molecular
gas in the ISM, a significant amount of molecular gas in
more diffuse regions is not traced well by CO (e.g. Reach
et al. 1994; Grenier et al. 2005; Planck Collaboration et al.
2011; Remy et al. 2018), but is expected to be well-traced
by OH (Wannier et al. 1993; Liszt & Lucas 1996; Barriault
et al. 2010; Allen et al. 2012, 2015; Li et al. 2018). This
has led to a resurgence of interest in the observation and
interpretation of OH as a supplementary tracer of molecular
gas (e.g. Dawson et al. 2014; Rugel et al. 2018; Nguyen et al.
2018; Engelke & Allen 2019).
The four 2Π3/2, J = 3/2 ground state transitions of OH
occur at 1612.231, 1665.402, 1667.359 and 1720.530 MHz.
These transitions are generally weak, and therefore are most
readily observed in absorption against bright background
continuum emission. OH in the molecular ISM is almost
never in local thermodynamic equilibrium (LTE), so the ex-
citation temperatures Tex of its transitions are not a reliable
indication of the kinetic temperature of the gas Tgas (Elitzur
1992). Without the ability to assume LTE, the interpreta-
tion of OH emission and absorption can be quite difficult.
© 2020 The Authors
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Thus when considering the molecular ISM, many studies fo-
cus on the stronger ‘main’ lines at 1665 and 1667 MHz as
their excitation temperatures – though often sub-thermal –
tend to not deviate from LTE as strongly as the satellite
lines under a wide range of local conditions (e.g. Baud &
Wouterloot 1980; Barriault et al. 2010; Nguyen et al. 2018;
Li et al. 2018). In such cases reasonable assumptions may be
applied to the excitation of the main lines and properties of
the gas can be inferred without solving for the population of
the four levels within the OH ground rotational state (e.g.
Barriault et al. 2010; Rugel et al. 2018).
However, the complexity of OH satellite-line excitation
is sometimes an advantage, as its greater sensitivity to lo-
cal environmental conditions carries information that may
not be captured by the main lines. For example, stimulated
emission of the OH satellite lines (i.e. when Tex < 0) has
been studied extensively in the context of OH masers (e.g.
Elitzur 1976; Elitzur et al. 1976; Guibert et al. 1978; Pavlakis
& Kylafis 1996). Stimulated emission in the 1612 MHz line is
generally interpreted as indicating a radiatively-dominated
environment, while stimulated emission in the 1720 MHz
line is interpreted as indicating a collisionally-dominated en-
vironment (Elitzur 1992). High-gain 1612 MHz masers (i.e.
where optical depth |τ |  1) trace both active star forma-
tion (Caswell 1999) and evolved stellar sources such as OH-
IR stars (Elitzur et al. 1976). High-gain 1720 MHz masers
trace the shocked gas of supernova remnants (Frail et al.
1994, 1996). Widespread weak satellite-line maser emission
(i.e. where |τ | < 1) is also observed in the Milky Way (e.g.
Turner 1982; Dawson et al. 2014; Walsh et al. 2016; Rugel
et al. 2018).
Here we present an example of a peculiar OH profile
shape sometimes known as the satellite-line ‘flip’ – first de-
scribed by Caswell & Haynes (1975), with the first examples
seen in the literature almost a decade earlier (Goss 1967). A
typical example of the profile is given in Fig. 1. On one side
of the feature the 1612 MHz line is seen in absorption while
the 1720 MHz line is in emission. The lines then flip their
relative orientation to have the 1612 MHz line in emission
and the 1720 MHz line in absorption, all within a closely
blended double feature. Meanwhile, both main lines are in
absorption, often obscuring the fact that two velocity com-
ponents exist.
van Langevelde et al. (1995) carried out non-LTE ex-
citation calculations in the context of an extragalactic ex-
ample of the flip towards the nucleus of Cen A (G200.63-
42.76). They tested a range of number densities, column
densities, gas temperatures and radiation fields with an
assumed velocity dispersion of ∆V = 1 km s−1, and found
that in models where a flip could be achieved, it occurred
where two gas components lay on either side of NOH/∆V ≈
1015 cm−2 km−1 s, in broad agreement with Elitzur (1976).
They therefore interpret the flip as indicating NOH/∆V ≈
1015 cm−2 km−1 s. Other than this work and those that apply
its conclusions (e.g. Frayer et al. 1998; Rugel et al. 2018), no
local astrophysical process has been proposed to account for
the flip. In Section 3 we outline our own non-LTE excitation
modelling and find that the effects of line overlap complicate
the picture reported by van Langevelde et al. (1995).
In this work we identify, from our own observations
and from the literature, 30 examples of the satellite-line flip
(Goss 1967; Caswell & Robinson 1974; Caswell & Haynes
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Figure 1. Optical depth observations of hydroxyl made with
the Australia Telescope Compact Array towards the bright back-
ground continuum source G340.79-1.02 from Petzler et al. (2020,
in prep.) as an illustrative example of the OH satellite-line flip.
The 1612 MHz line can be seen in absorption at more nega-
tive velocities, transitioning to stimulated emission at -28 km s−1.
The 1720 MHz line shows the opposite behaviour with stimulated
emission at more negative velocities, transitioning to absorption
at -28 km s−1. Both main lines (1665 and 1667 MHz) are in ab-
sorption but clearly indicate the presence of two blended velocity
components, with peaks roughly corresponding to the peak emis-
sion in each satellite line. A radio-recombination line is detected
toward this source, centred at -25 km s−1 (dotted line), indicating
the presence of an Hii region.
1975; Turner 1979; van Langevelde et al. 1995; Frayer et al.
1998; Brooks & Whiteoak 2001; Dawson et al. 2014; Rugel
et al. 2018; Ogbodo et al. 2020) presented in Table 1. All
but two extragalactic examples (towards G200.63-42.76 (van
Langevelde et al. 1995) and towards G277.81+32.42 (Frayer
et al. 1998)) are within our Galaxy. With only three excep-
tions, all of these examples are observations of OH gas to-
wards bright background continuum sources, most of which
may be interpreted as locally associated Hii regions. The
bright background continuum suggests that the observed
emission is stimulated emission (i.e. indicating a population
inversion where optical depth τ < 0 and Tex < 0), as opposed
to thermal emission (i.e. where τ > 0 and Tex > Tc).
We note the hitherto unnoticed fact that all of the
flips observed towards bright background continuum sources
(27/30) exhibit the same orientation in velocity: the 1720
MHz inversion is seen at more negative velocities and the
1612 MHz inversion at more positive velocities. This remark-
able trend leads us to propose a physical explanation of the
flip where the 1612 MHz and 1720 MHz inversions origi-
nate in pre- and post-shock gas (respectively) surrounding
an Hii region. To justify this model we first outline the key
factors affecting OH excitation in the context of the satellite-
line flip in Section 2. We outline our physical model in detail
in Section 3, discuss its implications and limitations in Sec-
tion 4 and present our conclusions in Section 5.
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l ◦ b ◦ a v (km s−1) b 1612 MHz 1720 MHz Unitsc θ1/2 d Hii Assoc.e Ref. f
Blue Red Blue Red Blue Red arcmin Y/N
8.10 0.20 13 17.8 -0.15 0.11 0.25 -0.37 K 18.8 Y A
12.80 -0.20 32.5 38.5 -0.2 0.4 0.64 -0.3 Jy 0.12† Y B
14.00 -0.60 17.8 22.9 -0.25 0.13 0.14 -0.22 K 18.8 Y A
19.08 -0.29 62 71 -10 10 10 -15 K∗ 0.77† Y C
19.61 -0.23 43.9 48.2 -0.32 0.1 0.56 -0.15 Jy 0.12† Y B
30.50 0.00 90 95.2 -0.52 0.34 0.18 -0.34 K 18.8 Y A
30.78 -0.14 90 95 -1 0.3 0.6 -0.9 K 33.4 Y D
32.80 0.19 7 20 -15 15 70 -60 K∗ 0.77† Y C
35.20 -1.70 39.8 43.9 -0.18 0.19 0.28 -0.36 K 18.8 Y A
48.92 -0.28 5.6 6.5 -0.165 0.029 0.127 -0.104 e−τ − 1 0.5 N E
49.37 -0.30 63 66 -90 100 90 -80 K∗ 0.77† Y C
133.70 1.20 -40.6 -38 -1 0.4 3.06 -0.44 K 18.8 Y A
172.80 -13.24 5.3 6.8 0.2 -0.033 -0.067 0.067 K 3 N F
173.40 -13.26 5 8 0.133 -0.04 -0.023 0.057 K 8.2 N G
175.83 -9.36 7.1 7.8 0.003 -0.017 -0.043 0.031 e−τ − 1 0.5 N E
200.63 -42.76 550 555 -0.11 0.1 0.13 -0.1 Jy 0.11† Y H
267.90 -1.10 0.1 2.1 -1.1 1 0.9 -4.9 K 12 Y I
277.81 32.42 200 240 -0.015 0.01 0.015 -0.007 Jy 0.02† Y J
316.80 0.00 -38 -35 -2.5 1.9 1.9 -1.9 K 12.6 Y K
332.71 -0.71 -52 -48 -6 5 1 -9 K 2.5 Y L
333.09 -0.50 -56 -51 -10 5 5 -7 K 2.5 Y L
333.09 -0.50 -43 -39 -3 2 3 -3 K 2.5 Y L
336.95 -0.20 -83 -75 -0.25 0.25 0.25 -0.3 K 12.6 Y M
336.95 -0.20 -43 -38 -0.5 0.5 0.25 -0.75 K 12.6 N M
337.10 -0.20 -44 -36.4 -0.3 0.4 0.1 -0.54 K 18.8 Y A
337.80 -0.10 -53 -36.2 -0.3 0.53 0.23 -0.6 K 18.8 Y A
340.79 -1.02 -29.2 -26.5 -0.07 0.081 0.038 -0.148 e−τ − 1 0.5† Y N
342.00 -0.20 -33 -23 -0.4 0.1 0.2 -0.2 K 12.6 Y M
351.42 0.66 -6.1 -1 -0.28 0.1 0.19 -0.18 e−τ − 1 0.37† Y O
353.41 -0.30 -18.3 -15.2 -0.063 0.081 0.166 -0.125 e−τ − 1 0.5† Y N
Table 1. Spectra exhibiting the satellite-line flip: where the conjugate relationship between the satellite lines flips across a closely-blended
double feature. aLocations of each flip are given in Galactic coordinates. bThe velocities of the more blue-shifted component and the
more red-shifted component are given along with the peak values measured at 1612 and 1720 MHz. As these examples are drawn from
disparate publications, the values of these peaks are approximate. c Units of measurement are either: continuum subtracted brightness
temperature (K, ∗converted from Jy beam−1), continuum subtracted flux density (Jy), or optical depth (e−τ − 1). In all cases a positive
value indicates relative emission and a negative value indicates relative absorption. dThe resolution of the flip observation is given in
arcmin, and † indicates interferometric observations. eThe presence or absence of an associated Hii region is indicated. f References:
(A) Turner (1979), (B) Ogbodo et al. (2020), (C) Rugel et al. (2018), (D) Goss (1967), (E) Petzler et al. (2020 in prep), (F) Xu et al.
(2016), (G) Ebisawa et al. (2019), (H) van Langevelde et al. (1995), (I) Manchester et al. (1970), (J) Frayer et al. (1998), (K) Caswell
& Robinson (1974), (L) Cunningham M.R. (private communication), (M) Dawson et al. (2014), (N) Petzler et al. (2020 in prep), (O)
Brooks & Whiteoak (2001).
2 OH SATELLITE-LINE EXCITATION
In this section we outline the level population requirements
for satellite-line inversion as seen in the satellite-line flip, and
the de-excitation pathways that lead to these populations
(Elitzur 1976; Elitzur et al. 1976; Guibert et al. 1978). We
then discuss the environmental conditions that influence the
relative dominance of these de-excitation pathways, and how
these could manifest in the observed satellite-line flip. An
exhaustive discussion of this subject can be found in Elitzur
(1992).
The OH 2Π3/2, J = 3/2 ground rotational state is split
into four levels via Λ-doubling and hyperfine splitting. These
levels, as well as their allowed transitions at 1612, 1665, 1667
and 1720 MHz, are illustrated in Fig. 2. Due to the different
degeneracies of its upper and lower levels, inversion in the
1612 MHz line is achieved when the population of its upper
level is greater than 3/5 that of its lower level. Inversion
of the 1720 MHz line is achieved when the population of its
upper level is greater than 5/3 that of its lower level (Elitzur
1992).
The relative population of the OH ground state hyper-
fine levels in the ISM is largely determined by cascade path-
ways into the ground state from previously-excited higher
rotational states. As all cascades into the ground state will
pass through the first excited 2Π3/2, J = 5/2 or the sec-
ond excited 2Π1/2, J = 1/2 rotational states (Elitzur 1992),
only these are illustrated in Fig. 3. Also illustrated in Fig.
3 are the allowed transitions (determined by quantum me-
chanical selection rules) from the levels within those excited
rotational states into the levels of the ground state. If the
radiative decay pathways from the first and second excited
rotational states into the ground state are optically thick1,
then the rates of individual transitions within each pathway
are independent of line strength due to photon trapping, and
1 In this context a transition between rotational states is ‘opti-
cally thick’ if a photon emitted by an OH molecule in the upper
rotational state has a high probability of being reabsorbed before
leaving the cloud: this is determined by the population of the
lower level, i.e. the ground rotational state.
MNRAS 000, 1–12 (2020)
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Figure 2. Energy level diagram of the 2Π3/2, J = 3/2 ground
state of hydroxyl. The ground state is split into four levels due
to Λ-doubling and hyperfine splitting, with 4 allowed transitions
between these levels: ‘main’ lines at 1665.402 and 1667.359 MHz,
and ‘satellite’ lines at 1612.231 and 1720.530 MHz. The degen-
eracies of the levels are given by g = 2F + 1.
depend only on the number of possible transitions into the
ground state (Elitzur 1976).
As illustrated in Fig. 2, the main-line transitions at
1665 and 1667 MHz occur between upper and lower levels
with the same total angular momentum quantum number
F, while the satellite-line transitions occur between levels
with different F number. The F numbers of the different
levels of the ground and excited rotational states (see Fig.
3) introduce an asymmetry in the possible transitions into
the ground state for the satellite lines but not for the main
lines: there are more allowed transitions from the first ex-
cited 2Π3/2, J = 5/2 state into the upper level of the 1720
MHz transition than there are into its lower level. Similarly,
there are more allowed transitions from the second excited
2Π1/2, J = 1/2 state into the upper level of the 1612 MHz
transition than there are into its lower level. Environmental
factors that preference the cascade pathway from one of the
excited rotational states over the other can therefore pro-
vide a pumping mechanism that inverts the 1720 or 1612
MHz transitions. In general, when one of the satellite-lines
is inverted in this manner, the other satellite-line is sub-
thermally excited, leading to the ‘conjugate’ behaviour of-
ten observed in the satellite lines (e.g. van Langevelde et al.
1995; Ebisawa et al. 2019), the ‘flip’ being one manifestation
of this behaviour.
There are three main physical mechanisms by which one
of these pathways is preferred and hence one of the satellite
lines can be inverted:
(i) In radiatively-dominated environments where a wide
range of photon energies are available (i.e. far-infrared emis-
sion from warm dust), and where the transitions into the
ground state from both the first and second excited rota-
tional levels are optically thick, the two cascade pathways
are equally likely, and the populations of each of the levels
of the ground state will be roughly equal. Due to the level
degeneracies (3 and 5 for the upper and lower levels of the
1612 MHz transition, respectively, and the reverse for the
1720 MHz transition) this leads to sub-thermal excitation
of the 1720 MHz line and inversion of the 1612 MHz line
(Elitzur et al. 1976).
(ii) In collisionally-dominated environments where the
transitions into the ground state from both the first and
second excited rotational levels are optically thick, high tem-
peratures can invert the 1612 MHz line and lower tem-
peratures can invert the 1720 MHz line (Elitzur 1976).
Lower temperatures lead to a sufficient reduction in exci-
tation into higher rotational states that the pathway via the
2Π3/2, J = 5/2 state is left to dominate the population of
the ground state levels. This pathway will in effect transfer
molecules from the F = 1 levels of the ground state to the
F = 2 levels, leading to sub-thermal excitation in the 1612
MHz line and inversion of the 1720 MHz line.
(iii) In cases where the 1612 MHz pumping mechanism
is active, it can be deactivated by lowering the OH column,
which can then allow the 1720 MHz line to invert. The line
strengths for transitions to the ground state from the sec-
ond excited rotational state are about an order of magnitude
lower than those from the first excited rotational state. As
a consequence, for a given velocity dispersion there exists
a range of column densities for which transitions from the
second excited (2Π1/2, J = 1/2) rotational level are optically
thin while transitions from the first excited (2Π3/2, J = 5/2)
level are optically thick. van Langevelde et al. (1995) found
that this range is NOH/∆V ≈ 1–9 × 1014 cm−2 km−1 s. In this
case, the rate of transitions from the second excited state to
the ground state will be determined by their individual line
strengths, which will tend to maintain the original popula-
tion of the ground state levels. This prevents the transfer of
molecules from the F = 2 levels of the ground state to the
F = 1 levels, thus disabling the 1612 MHz pumping mecha-
nism (Elitzur 1976).
In the context of the flip towards the nucleus of Cen
A (G200.63-42.76), van Langevelde et al. (1995) performed
non-LTE calculations of OH assuming ∆V = 1 km s−1. Their
models included a radiation field characterised by two IR
components: one with dust temperature Tdust = 43K and ex-
ternal visual extinction Av(ext) = 30mag, and the other with
Tdust = 150K and Av(ext) = 3mag. This choice was motivated
by the excess 25 and 12 µm emission observed along the disk
of Cen A by Marston & Dickens (1988). These mid-IR com-
ponents allowed for excitation into the 2Π1/2 J = 5/2 rota-
tional state – the highest state included in their modelling
– through absorption of the 35 µm line. These OH molecules
then cascade down to the ground rotational state via the
second excited rotational state, allowing the inversion of the
1612 MHz line. They found that this 1612 MHz inversion
could then be disabled and the 1720 MHz line inverted when
NOH/∆V ≈ 1015 cm−2 km−1 s.
As we discuss in the following section, we also find that
the flip can be produced by changes in NOH/∆V in radiatively
dominated environments, but due to line overlap this trend
is only seen while ∆V . 1 km s−1. Instead we find that a flip
can also be generated by a change in a combination of pa-
rameters such as gas temperature and number density, and
that these changes can naturally exist in the environment
around an expanding Hii region.
3 PHYSICAL EXPLANATION OF THE FLIP
We propose that the satellite-line flip is best explained by a
physical model where two parcels of gas exist on either side
of a shock expanding away from a central Hii region, as illus-
trated by the cartoon in Fig. 4. The Hii region provides the
radiation required to invert the 1612 MHz line in the sur-
MNRAS 000, 1–12 (2020)
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Figure 3. Schematic of the three lowest rotational states of OH, as well as the Λ and hyperfine splitting of those states. Excitations
above the 2Π3/2, J = 3/2 ground state will cascade back down to it via the 2Π3/2, J = 5/2 state, or the 2Π1/2, J = 1/2 state. Allowable
transitions are those where parity is changed and |∆F | = 1, 0; shown in blue at left and red on the schematic. The energy scale is given
at left in kelvin, and the wavelengths of the IR transitions are shown at centre in µm. The splittings of the Λ and hyperfine levels are
greatly exaggerated for clarity.
rounding ambient molecular cloud, while the increased gas
temperature and number density in the post-shock gas dis-
able the 1612 MHz inversion and invert the 1720 MHz line.
The central Hii region then provides the bright background
continuum which leads the foreground emission and absorp-
tion to dominate the observed brightness temperature, thus
accounting for the striking velocity bias seen in examples
of the satellite-line flip. Our reasoning and evidence are de-
tailed in this section.
The flip is most commonly observed with the 1720 MHz
line inverted at more negative velocities and the 1612 MHz
line inverted at more positive velocities – 90% (27/30) of the
examples shown in Table 1 show this orientation. The sepa-
ration in velocity suggests that the satellite line flip may be
associated with a coherent velocity field, such as expansion
and/or infall. The observation that most of the flips have
the 1720 MHz inversion at more negative velocities implies
a bias in the orientation of this velocity field with respect
to the observer. As examples of the flip are observed in all
quadrants of the Milky Way, this bias is not due to the
large-scale Galactic velocity field. Instead, we note that all
of the flips that demonstrate this velocity bias are also ob-
served against bright background continuum (27/30). When
the continuum brightness temperature Tc  |Tex |, absorption
or stimulated emission from the foreground gas will domi-
nate the observed line brightness temperature. Therefore,
if the source of background continuum was also the source
of the velocity field, this could provide a natural explana-
tion for the observed bias in the orientation of the flip – in
principle, a physically-associated source of continuum (e.g.
an embedded Hii region) could provide the necessary bright
background continuum and drive expansion.
This led us to consider whether there was evidence for
Ionisation Front 
Dissociation Front 
Shock Front
Ambient  
Molecular 
Cloud
Towards 

Observer Central  
Star
Internal Slab 

(1720 MHz emission)
External Slab 

(1612 MHz emission)
H2
HI
HII
H2
Figure 4. Cartoon of an expanding Hii region and associated
fronts. The relative positions of the ionisation front (red), the dis-
sociation front (blue) and the shock front (black) expanding from
the central star into an ambient molecular medium are shown.
The locations of parallel slabs internal (post-shock) and external
(pre-shock) to the shock front modelled in Fig. 6 are indicated.
The widths of the Hi and post-shock H2 regions are exaggerated
for clarity.
a local association between the OH gas and the background
continuum illuminating it: i.e. whether the continuum source
could be identified as an Hii region and localised in on-sky
position and velocity to the observed flip.
All but one of the examples of the flip towards bright
background continuum (26/27) coincide positionally on the
sky with the location of a known Hii region. A flip was con-
MNRAS 000, 1–12 (2020)
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sidered to ‘coincide’ with an Hii region if the half-power
beam-width with which it was observed overlapped with the
recorded radius of an Hii region. In the case of the two extra-
galactic examples, specific Hii regions are not resolved but
both are associated with large molecular structures that con-
tain Hii regions (Hodge & Kennicutt 1983; Ulvestad & An-
tonucci 1991). Excluding these two extragalactic examples,
all but one of the flips associated on the sky with specific
Hii regions (23/24) also have recorded radio recombination
lines (RRL) within ±10 km s−1 of one or other component
of the flip. The relative velocities of the components of the
flips with the RRL of on-sky overlapping Hii regions are
illustrated in Fig. 5. All Hii data were obtained from the
Wide-field Infrared Survey Explorer (WISE Anderson et al.
2014, 2015, 2018) and from the Southern Hii Region Dis-
covery Survey (SHRDS Wenger et al. 2019). Any more pre-
cise association with individual Hii regions was not possible
given the large full width at half-maximum of radio recombi-
nation lines (WISE median ∆V = 25 km s−1) compared to the
average separation of the flips, and velocity blending along
the line of sight.
We then undertook non-LTE molecular excitation mod-
elling to determine if the conditions expected in the molecu-
lar gas surrounding an Hii region could give rise to the flip.
Our modelling explored ‘reasonable’ values of gas tempera-
ture (Tgas = 5–150K), number density (nH2 = 1–10
6 cm−3),
velocity dispersion (∆V = 0.5–10 km s−1), column density
(NOH = 1012–1018 cm−2), internal and external dust tem-
peratures (Tdust(int) = 10–50K and Tdust(ext) = 10–100K,
respectively) and external visual extinction (Av(ext) = 0.1–
10mag). The range of parameters tested were chosen to be
consistent with expected conditions in the molecular ISM
and the previous findings of Elitzur et al. (1976) and van
Langevelde et al. (1995). It was also informed by 1D hydro-
dynamical modelling of the shock, dissociation and ionisa-
tion fronts surrounding an expanding Hii region (Hosokawa
& Inutsuka 2005, 2006), as well as modelling and observa-
tions of dust temperatures around Hii regions (Churchwell
et al. 1990; Okumura et al. 1996; Anderson et al. 2012; De-
harveng et al. 2012).
Hosokawa & Inutsuka (2006) modelled the expansion of
an Hii region surrounding solitary O-type stars in a typi-
cal host molecular cloud with nH2 = 10
3 cm−3. Their mod-
els showed the velocity discontinuity at the shock to be
≈ 1 − 8 km s−1, consistent with a large portion of the flips
identified in Table 1. They also found that the post-shock
gas could be heated to a gas temperature 50–100 K warmer
than the pre-shock gas, and that the number density of the
post-shock gas was increased by a factor of 10.
Observations consistently find that dust temperatures
in molecular clouds are typically 10–30 K (Okumura et al.
1996; Anderson et al. 2012; Deharveng et al. 2012), and
only rarely exceed 40 K (Dupac et al. 2003; Salgado et al.
2016). We therefore considered internal dust temperatures
Tdust(int) = 10–50K. Modelling predicts, however, that the
hottest dust surrounding an Hii region (i.e. within the pho-
todissociation zone) could be up to several 102 K – but only
around the youngest stars and in a very thin layer (Wolfire
& Churchwell 1994). We therefore considered external dust
temperatures Tdust(ext) = 10–100K and visual extinction
Av(ext) = 0.1–10mag, but models with high Tdust(ext) were
paired with low Av(ext) and vice versa.
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Figure 5. Velocity separation of the 1720 MHz emission (blue
circles) and 1612 MHz emission (red circles) components of the
examples of the satellite-line flip given in Table 1. The velocities
of RRL for Hii regions overlapping in on-sky position with each
example of the flip are indicated by black stars. Extragalactic ex-
amples of the flip are highlighted with boldface type, and those
without associated Hii RRL are indicated with an asterisk (∗).
Details of how these associations were determined are given in
the text. All velocities are plotted as offsets from the blue-shifted
component of the flip. The flips are plotted in descending order of
the velocity offset of their red-shifted component to illustrate the
distribution of velocity separation. All Hii data were obtained
from the Wide-field Infrared Survey Explorer (WISE Anderson
et al. 2014, 2015, 2018) and from the Southern Hii Region Dis-
covery Survey (SHRDS Wenger et al. 2019).
The full parameter ranges tested are outlined in Table
2, and extend from quiescent, diffuse molecular gas to shock-
compressed gas nearing dissociation in close proximity to an
Hii region. Values outside these ranges that were also tested
are referred to explicitly in Section 4.
Our non-LTE molecular excitation code was used to
determine the level populations of the lowest 8 rotational
states of OH and their hyperfine levels (32 levels in all).
The code employed an escape probability approach to ra-
diative transfer in a uniform slab including line overlap,
following the treatment of Lockett & Elitzur (1989). Line
overlap occurs when the Doppler shift due to the velocity
dispersion in the gas spans the difference in frequency be-
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property values explored
NOH 1012 − 1018 cm−2
∆V 0.5 − 10km s−1
Tgas 5 − 150K
nH2 10
0 − 106 cm−3
Tdust (internal) 10 − 50K
Tdust (external) 10 − 100K
Av (external) 0.1 − 10mag
Table 2. Properties of models explored using our molecular ex-
citation code to approximate slabs of molecular gas surrounding
an Hii region as illustrated in Fig. 4. The effects of gas tempera-
ture, velocity dispersion, OH column density, H2 number density,
internal dust temperature and radiation field as defined by exter-
nal dust temperature and visual extinction on the satellite-line
flip were explored across the region of parameter space indicated
by the ranges given. Values of ortho : total H2 ratio (0.75), OH
and He abundances relative to H2 (10−7 and 10−4, respectively)
were kept constant. The resulting optical depths at 1612 and 1720
MHz found from this modelling are illustrated in Fig. 6.
tween the 3 or 4 IR transitions linking the same pair of
rungs of the OH rotational ladder. The most relevant IR
transitions are those between the first two excited rotational
states and the ground rotational state (i.e. those illustrated
in Fig. 3). Line overlap disrupts the population inversions
caused by the pumping mechanisms outlined in Section 2
by allowing photons emitted in one IR transition to be reab-
sorbed in a neighbouring IR transition when the linewidths
exceed ∼ 1 km s−1. The escape probability approach makes
the approximation that the OH level population does not
vary with depth within the slab. The level population is
solved iteratively for consistency with the rates of collisional
excitation and de-excitation, spontaneous emission, and of
absorption and stimulated emission implied by the mean
intensity of the radiation field within the slab. The mean in-
tensity (frequency-dependent but averaged over solid angle
and position) includes the source function and absorption
coefficient implied by the level population, as well as ther-
mal emission from external and internal dust.
The energy levels and Einstein A coefficients for the hy-
perfine transitions within rotational states were taken from
Destombes et al. (1977), while the infrared transitions and
A coefficients were taken from Brown et al. (1982). Colli-
sional rate coefficients with H2 were taken from Offer et al.
(1994) for transitions between the lowest 6 rotational levels,
with hard sphere collision rates used for transitions involv-
ing the upper two rotational levels. Collisional rate coeffi-
cients with helium were taken from K los et al. (2007) and
were computed for electrons using the prescription from Chu
(1976). The infrared radiation fields from dust lying outside
the slab and within the slab were represented by grey body
models using the MRN dust extinction curve of Draine & Lee
(1984). The input parameters were gas temperature Tgas, ve-
locity FWHM ∆V of the Gaussian line profile (which implic-
itly includes the contributions of thermal and “microturbu-
lent” broadening), fraction of ortho-H2, abundances of OH,
He and electrons relative to H2 (XOH, XHe, Xe), external dust
temperature Tdust(ext) and external visual extinction Av(ext),
internal dust temperature Tdust(int), number density nH2 and
column density NOH. The extinction of the dust internal to
the slab is computed using Av(int) = NOH/XOH/(1021cm−2).
The electron abundance relative to H2 (Xe) declined with in-
creasing nH2 , ranging from Xe = 10
−4 when nH2 = 102 cm−3 to
Xe = 10−7.5 when nH2 = 105 cm−3, reflecting the relative dom-
inance of photo- and cosmic ray ionisation expected in these
regimes. The fraction of ortho-H2 (0.75), XOH (nOH/nH2 =
10−7) and XHe (nHe/nH2 = 0.2) were held constant for all
models. Some key results of our modelling are illustrated in
Fig. 6.
The grids on the left in Fig. 6 show the pattern of
satellite-line inversion across the parts of parameter space
most relevant to our discussion: pink regions indicate inver-
sion of the 1612 MHz line and blue regions indicate inversion
of the 1720 MHz line. The grids show two radiation regimes
characterised by their internal and external dust tempera-
tures, and external dust visual extinction. In the ‘low’ ra-
diation regime shown at top in Fig. 6, the dust within the
modelled slab has a temperature of 20 K, and is surrounded
by a layer of external dust with a temperature of 20 K and
visual extinction Av(ext) = 0.3mag. In the ‘high’ radiation
regime shown at bottom in Fig. 6, the dust within the slab
also has a temperature of 20 K but is exposed to a hotter,
thinner layer of dust, with temperature 70 K and visual ex-
tinction 0.1 mag. These two sets of model runs are intended
to capture a realistic range of conditions, potentially corre-
sponding to increasing proximity to a central ionising source
and/or differences in the properties of that source and the
surrounding ISM. When we modelled the ‘high’ radiation
regime with a thinner and hotter layer of external dust we
found there was little change to the pattern of satellite-line
inversion.
Each of the panels within the grids illustrate the pat-
tern of satellite-line inversion for a range of velocity disper-
sion (∆V = 0.5–5 km s−1) and column density (NOH = 1013.5–
1016.2 cm−2), and how those patterns change across the num-
ber densities (nH2 = 10
2–105 cm−3) and gas temperatures
(Tgas = 20–100K) that might be expected in the molecular
gas surrounding an Hii region. The presence of 1612 MHz
(pink) or 1720 MHz (blue) inversion in most panels of the
two grids implies that the flip could potentially be produced
in either radiation regime – provided that one parcel of gas
occupies a pink region and the other occupies a blue. This is
demonstrated by the synthetic profiles on the right of Fig.
6 which are both broadly consistent with the examples of
the flip seen in the literature. These profiles were generated
assuming a 2 km s−1 velocity discontinuity between the 1612
MHz-inverted and 1720 MHz-inverted parcels of gas in the
arrangement shown in Fig. 4. The parameters of the gas are
shown on the plots and indicated by black crosses on the ad-
jacent grid. We assume that both parcels of gas responsible
for the flip would be exposed to the same radiation field.
With reference to the satellite-line pumping mecha-
nisms outlined in Section 2, the radiatively dominated
regime is best illustrated at low number density (nH2 .
104 cm−3) and gas temperature (Tgas . 50K) in the bottom
grid of Fig. 6. The excitation pattern is characterised by
1612 MHz inversion above a threshold value of NOH/∆V ≈
1015 cm−2 km−1 s. Below this threshold the 1720 MHz line
is able to invert, but only for a narrow range of column
densities (NOH ∼ 1014–1015 cm−2) and at low velocity disper-
sion (∆V . 1 km s−1). This is consistent with Elitzur et al.
(1976) and van Langevelde et al. (1995) only at low veloc-
ity dispersion, as neither of those works considered the ef-
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Figure 6. Left panels: Regions of log NOH vs ∆V parameter space where the 1612 MHz (pink) and 1720 MHz (blue) OH satellite lines
are inverted. Dotted contours and lighter shading indicate where −0.02 ≤ τ ≤ 0. Solid contours and darker shading represent areas of
‘significant’ inversion where τ = −(0.02, 0.1, 0.5, 1, 2, 3, 4). The grids both have constant internal dust temperature Tdust(int) = 20K. From
top to bottom the grids increase in external dust temperature Tdust(ext) = 20 − 70K and decrease in visual extinction (equivalent to
the thickness of the external dust layer) Av(ext) = 0.3 − 0.1mag. The grids therefore represent a transition from ‘low’ radiation at the
top to ‘high’ radiation at the bottom. These parameters were chosen to represent increasing proximity to the central ionising sources
and/or differences in the properties of those sources and their surrounding ISM. The panels in each row of the grids correspond to gas
temperature Tgas = 20, 30, 50, 100K from bottom to top; the columns to number density nH2 = 10
2, 103, 104, 105 cm−3 from left to right.
The satellite-line flip can be achieved by a two component feature with one component in a pink shaded region and the other component
in a blue shaded region. Right panels: Synthetic profiles with parameters corresponding to the positions in parameter space marked by
black crosses in the adjacent grid. All parameters used are given on the respective plots.
fects of line overlap which disrupts the NOH/∆V trend when
∆V & 1 km s−1.
The collisionally dominated regime is best illustrated at
high number density (nH2 & 103 cm−3) and gas temperature
(Tgas & 30K) in both grids of Fig. 6. The excitation pat-
tern is characterised by 1720 MHz inversion across a wide
range of column densities at velocity dispersions lower than
∼ 2 km s−1. At higher velocity dispersions the 1720 MHz
pumping mechanism is disabled by line overlap. The 1612
MHz line is strongly inverted only at high column densities
(NOH ∼ 1016 cm−2).
In both radiation regimes there is a region of weak
1612 MHz inversion below NOH/∆V ≈ 2 × 1014 cm−2 km−1 s.
This weak inversion is only seen when the effect of radia-
tion from internal dust is included in our modelling, and
cannot be replicated by simply increasing the column of ex-
ternal dust. (For comparison, Fig. A1 reproduces the left
panels of Fig. 6 without the inclusion of internal dust.) The
effect of the radiation from internal dust on the level pop-
ulations of the first excited 2Π3/2 J = 5/2 and the second
excited 2Π1/2 J = 1/2 rotational states (at λ ≈ 120 µm and
80 µm, respectively) is illustrated in Fig. 7. This figure shows
the proportional change in population of the hyperfine levels
within these two excited rotational states in the ‘low’ radi-
ation regime, for a gas kinetic temperature of 30 K, number
density of 103 cm−3 and velocity dispersion of 1.4 km s−1. The
population in all levels is increased when radiation from in-
ternal dust is included, and this increase is greatest for the
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Figure 7. The ratio of level populations N with the effects of
internal dust and without as a function of NOH/∆V for the hy-
perfine levels in the first excited 2Π3/2 J = 5/2 rotational state
(blue) and the second excited 2Π1/2 J = 1/2 rotational state (red).
The values shown represent a model cloud in the ‘low’ radiation
regime (see Fig. 6) with gas kinetic temperature 30 K, number
density 103 cm−3 and velocity dispersion 1.4 km s−1.
second excited 2Π1/2 J = 1/2 rotational state (shown in red
in Fig. 7), which tends to invert the 1612 MHz line.
The dominant pattern of 1720 MHz inversion seen in the
low radiation regime (particularly in the lower gas temper-
ature and number density panels) is qualitatively consistent
with the fact that the 1720 MHz line is widely observed in
emission in the ambient ISM of the Galactic Plane, in con-
trast to the 1612 MHz line which is more commonly seen in
absorption (Turner 1982; Dawson et al. 2014). Increasing the
radiation field increases the range of column densities and
velocity dispersions at which the 1612 MHz line will invert,
and inhibits the 1720 MHz inversion at low gas temperatures
and number densities, while still readily allowing 1720 MHz
inversion at higher gas temperatures and number densities.
In the case of the 23 examples of the satellite-line flip
where the 1720 MHz inversion is seen at more negative ve-
locities, has a bright background source of continuum, and is
associated on sky and in velocity with an Hii region, we may
consider a model in which an Hii region provides the high
radiation field required to invert the 1612 MHz line at typi-
cal molecular cloud gas temperatures and number densities.
The expanding Hii region drives a shock into this molecu-
lar gas, as illustrated by the cartoon in Fig. 4. The moder-
ate shock velocity (< 10 km s−1 Hosokawa & Inutsuka 2005,
2006) will only partially dissociate the molecular gas (Draine
et al. 1983; Flower et al. 2003). The increased gas tempera-
ture and number density of the shock pushes the post-shock
gas into the collisionally dominated regime, disabling the
1612 MHz inversion and inverting the 1720 MHz line. This
picture provides a very natural explanation for the observed
features of the satellite line flip.
4 DISCUSSION
The high-radiation case outlined above provides a qualita-
tively convincing explanation of the satellite line flip as a
phenomenon driven by the expansion of an Hii region into a
molecular cloud. The on-sky association of the majority of
observed flips with known Hii regions, together with the sys-
tematic bias in velocity orientation (with 1720 MHz-inverted
gas always approaching faster), paint very consistent parts
of this picture. However, it is important to note that a satel-
lite line flip can in principle be produced without the need
for expansion, shocks, or a high IR radiation field. The basic
requirements are only the presence of molecular gas on either
side of a velocity discontinuity, with the gas on either side
possessing sufficiently different physical parameters to invert
the relevant lines. Our non-LTE modelling indeed shows that
a flip could in principle be driven by changes in number den-
sity, column density, velocity dispersion or gas temperature,
even in ambient low-radiation regions.
That said, of the two radiation fields considered in our
modelling (illustrated in Fig. 6), a flip is more readily and
comfortably produced in the ‘high’ radiation regime. In this
scenario, increased FIR radiation allows the 1612 MHz in-
version to be radiatively pumped in the pre-shock gas of the
molecular cloud – in contrast to the 1720 MHz emission more
generally seen in the ambient molecular ISM (Turner 1982;
Dawson et al. 2014). Our modelling has then shown that the
increased temperature and number density of the post-shock
gas can disable the 1612 MHz pumping mechanism and al-
low the 1720 MHz line to invert. These are both essential
elements of our Hii region picture, which requires 1612 MHz
emission from the ambient pre-shock gas, and 1720 MHz
emission from a blue-shifted, shocked component.
Importantly, however, this high radiation regime also al-
lows the 1612 MHz line to invert at lower column densities,
permitting a lower line-of-sight extent for the 1612 MHz-
inverted component of the flip. Assuming an ambient molec-
ular cloud density of nH2 ≈ 103 cm−3 and an OH abundance
relative to H2 of XOH = 10−7, the column density of NOH =
1015.5 cm−2 shown in the high radiation synthetic spectrum
at the bottom right in Fig. 6 would require a line-of-sight
extent of ≈ 10pc. In contrast, the column density of NOH =
1016 cm−2 shown in the low radiation synthetic spectrum
would require a line-of-sight extent of ≈ 30pc. Both dis-
tances are problematic when we consider the velocity gradi-
ent of the ambient molecular cloud that is suggested by these
values. The synthetic spectrum in the low radiation regime
would require a velocity gradient of ≈ 0.04 km s−1 pc−1, while
that of the high radiation regime would require a veloc-
ity gradient of ≈ 0.12 km s−1 pc−1: both significantly lower
than the expected value of 1 km s−1 pc−1 (Scoville & Solomon
1974). We could of course make sensible increases to the am-
bient molecular cloud number density or the OH to H2 abun-
dance to produce a more acceptable velocity gradient, but
such fine-tuning of a simplified 1D model may not be reason-
able. It is difficult to evaluate this conclusion further without
the support of more detailed or complex models.
In our sample there are five instances of the flip without
associated RRL detections. Table 3 lists their background
brightness temperatures and restates their velocity orienta-
tions. First, we consider the flips with the more common
velocity orientation (1720 MHz line inverted at more nega-
tive velocities), which are seen towards G048.92-0.28 (Pet-
zler et al. 2020 in prep) and G336.95-0.20 (−40 km s−1, Daw-
son et al. 2014). Both of these sources lie in the Galactic
Plane, have high background continuum temperatures and
are positionally coincident with regions of active star for-
mation. While they do not have literature RRL detections
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Flip location Velocity Background Refc
l◦ b◦ orientationa continuumb
48.92 -0.28 1720 (-) Extragalactic 41 K 1
172.80 -13.24 1612 (-) CMB/synchrotron 4 K 2
173.40 -13.26 1612 (-) CMB/synchrotron 4 K 3
175.83 -9.36 1612 (-) CMB/synchrotron 4 K 1
336.95 -0.20 1720 (-) Diffuse/unresolved 37 K 4
Table 3. Approximate 18 cm background brightness tempera-
tures of the 5 instances of the satellite line flip not associated
with Hii regions. aVelocity orientation of the flip is indicated by
the line that is inverted at more negative velocities. bDescription
of the background source of continuum and its brightness temper-
ature at ≈ 18 cm. cReferences: 1. Petzler et al. (2020 in prep), 2.
Xu et al. (2016), 3. Ebisawa et al. (2019), 4. Dawson et al. (2014).
within 10 km s−1 of either component of the flip, it seems
likely that these examples may represent pre- and post-shock
gas surrounding as-yet unidentified Hii regions.
Next, we consider the flips with the opposite velocity
orientation (1612 MHz line inverted at more negative veloc-
ities), which are seen towards G172.80-13.24 (Xu et al. 2016),
G173.40-13.26 (Ebisawa et al. 2019) and G175.83-9.36 (Pet-
zler et al. 2020 in prep). All three of these examples are
within the Taurus molecular cloud complex and have low
background continuum brightness temperature (Tc ∼ 4K).
The flip towards G175.83-9.36 is seen in optical depth with
the 1612 MHz emission at τ = −0.003 and the 1720 MHz
at τ = −0.03 (Petzler et al. 2020 in prep). Our modelling
indicates that such weak inversion of the 1612 MHz line is
possible in the low radiation regime at quite low column den-
sity. The 1720 MHz inversion could also be readily produced
in this radiation regime across a wide range of column den-
sities. Our modelling does not suggest that this example of
the flip implies the presence of an enhanced radiation field
or a shock.
The other two examples in Taurus (G172.80-13.24 and
G173.40-13.26) are both reported in brightness temperature
only, and it is therefore possible that they are not in fact
stimulated emission (Tex < 0), but rather conventional ther-
mal emission (Tex > Tc). The pumping mechanisms outlined
in Section 2 could still be responsible for the deviations
from LTE in this gas, but such thermal emission would
not correspond exactly to the regions of stimulated emis-
sion illustrated in Fig. 6. Ebisawa et al. (2019) have re-
cently presented non-LTE excitation modelling similar to
ours of the flip towards G173.40-13.26. Their modelling
focused on the blue-shifted component of this flip. They
assumed a ‘typical’ velocity dispersion of 1 km s−1, and a
dust temperature of 15 K based on IR observations (Flagey
et al. 2009). They found that the sub-thermal excitation
of the 1720 MHz line inferred from their observations was
best fit by a model with extremely high external dust col-
umn density (Av(ext) ≈ 150mag), high OH column density
(NOH > 1015.5 cm−2) and low gas temperature (Tgas < 30K).
However, they did not propose a physical mechanism by
which such a high dust column could exist in Taurus.
A key difference between our modelling and that of Ebi-
sawa et al. (2019) appears to be our inclusion of the effects of
internal dust: when we remove this from our modelling, the
weak 1612 MHz inversion seen at low column densities in the
low radiation regime in Fig. 6 is not present. This weak 1612
MHz inversion is simultaneous with sub-thermal excitation
of the 1720 MHz line, implying that the inclusion of inter-
nal dust may allow the observations of Ebisawa et al. (2019)
to be modelled without the need for such a high external
dust column. Indeed, we find that our modelling is able to
approximately reproduce the observed brightness tempera-
tures of their blue-shifted component (with the same beam-
filling factor used by Ebisawa et al. (2019) of 0.1) in a low
radiation environment.
The above discussion highlights the need for caution
when considering the exact quantitative results of 1D molec-
ular excitation modelling. There are several known factors
that our modelling does not consider, such as the effects
of turbulence, unresolved structure in the foreground gas,
and uncertainties or errors in collisional rates. Indeed, new
collision rates of OH and H2 (K los et al. 2020) are sys-
tematically higher than those used of Offer et al. (1994) in
our modelling. There are also other significant observational
assumptions that we do not address, such as structure in
the background continuum source (Engelke & Allen 2019).
Therefore the fine-tuning of our model parameters in order
to match observations is not likely to be strictly valid. Nev-
ertheless, the qualitative physical picture presented here is
convincing: the satellite line flip is most commonly and read-
ily produced in pre- and post-shock gas in the high-radiation
environment surrounding an expanding Hii region.
5 CONCLUSIONS
In this work we present 30 examples from the literature of
the OH satellite-line flip: a peculiar profile wherein both of
the OH ground rotational state satellite lines flip – one from
emission to absorption and the other the reverse – across a
closely blended double feature. We note that with the excep-
tion of the three flips observed towards the Taurus molecular
cloud, all are observed towards bright background contin-
uum and have the same orientation in velocity: the 1720
MHz inversion is seen at more negative velocities and the
1612 MHz inversion at more positive velocities. In addition,
we note that all save 5 are associated with radio recombina-
tion lines of Hii regions.
We find that the 1612 MHz inversion can be radiatively
pumped in an environment with typical molecular cloud
gas temperature of Tgas ≈ 20 – 30K and number density
of nH2 ≈ 102 – 103 cm−3, that is exposed to a high radi-
ation field. The 1720 MHz inversion can then originate in
gas exposed to this same radiation field but with enhanced
gas temperature (Tgas ≈ 50 – 100K) and number density
(nH2 ≈ 104 – 105 cm−3). We demonstrate that these phys-
ical conditions can be realised by a shock expanding from
a central Hii region: the Hii region provides the enhanced
radiation field required to invert the 1612 MHz line in the
pre-shock gas while the shock heats and compresses the gas
sufficiently to invert the 1720 MHz line. The brightness of
the central Hii region causes the foreground gas to dom-
inate the observed brightness temperature spectra, so the
1720 MHz inversion in the post-shock gas is blue-shifted
relative to the 1612 MHz inversion in the pre-shock gas.
We support this model through our own non-LTE molecu-
lar excitation modelling, and with reference to observations
(Okumura et al. 1996; Anderson et al. 2012; Deharveng et al.
2012) and modelling (Churchwell et al. 1990; Hosokawa &
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Inutsuka 2005, 2006) of Hii regions and dust temperatures.
The precise quantitative results of our simplified 1D mod-
elling should be regarded with caution as our models do
not account for the clumpy and filamentary structure, nor
the effects of turbulent motions known to exist in molecular
clouds. The inclusion of such mechanisms may allow us to
more precisely match the observed OH spectra.
The results presented in this work have highlighted a
potential new tool for pinpointing the locations and proper-
ties of molecular gas associated with Hii regions. In princi-
ple, observations of the OH satellite-line flip should allow us
to characterise the physical conditions in the molecular gas
interacting with numerous Hii regions throughout the Galac-
tic Disk, providing information on kinematics, density and
temperature. For example, the velocity spacing of the flip
and modelling of the blue-shifted 1720 MHz inversion could
then characterise the kinematics and physical conditions of
the expanding shock. As a radio spectral line probe, the OH
lines (like RRLs) allow us to see through the full depth of
the Milky Way disk, and localise interaction sites at least in
the spatio-velocity domain, if not in true 3D space as well.
Cross-matching with multi-wavelength tracers of Hii regions
in the Milky Way Disk would therefore allow us to paint a
more complete picture of the interactions between Hii re-
gions and molecular gas in the Milky Way. With a number
of large-scale OH Galactic Plane surveys either published or
underway (e.g. THOR; Beuther et al. 2016, SPLASH; Daw-
son et al. 2014, and GASKAP; Dickey et al. 2013), there is
scope to identify far more examples of the satellite flip, and
moreover to model the overall trends in all four transitions
throughout large regions of the Milky Way.
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APPENDIX A: SATELLITE-LINE INVERSION
WITHOUT INTERNAL DUST
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Same as the left panels of Fig. 6 without the effects of the radiation from internal dust.
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